Supplementary methods

Computational modeling of chromatin fibers
To understand how sedimentation coefficient and homo-RET are related, we implemented a nucleosomal array model 1 in Matlab (The MathWorks, Natick, MA). From such a three dimensional model of a chromatin fibre, SSA 2 and S 20 ,w values can be calculated. A single nucleosome was approximated as a sphere with 4.5 nm radius from which the DNA strands project with an exit angle . The DNA linking two nucleosomes was twisted by a torsion angle  (Supplementary Fig. 6a ). Chromophores were placed at both faces of the nucleosome at a distance of 2.7 nm from the center as estimated from the nucleosome structure 3 . A DNA linker length of 10 nm was assumed to produce chromatin chains with different conformations dependent on the values chosen for and . The basic parameters and the configuration of compact chromatin ( = 41° and  = 77°) were chosen to approximate a model for the 30 nm fiber as a two-start helix (Supplementary Fig. 6b ), based on the structure of a tetranucleosome 4 and in vitro experiments 5 . To generate fully extended chains, randomized torsion angles around 100° and exit-angles around 120° were chosen and a large ensemble of structures was generated.
Chains of intermediate compaction were generated using angles from either the fully folded or the fully unfolded ensemble or linear combination of both for each nucleosome in the chain, depending on the folding model (see below). From these generated structures the sedimentation coefficient, S 20,w , was approximated using the formula where S 1 represents the sedimentation coefficient of the mono-nucleosome (11.1 S) 9 , R is its hydrodynamic radius (5.46 nm) 8 , N is the number of nucleosomes in the array (12) and R ij are the distances between nucleosomes i and j. For simplicity, the contribution from linker DNA to S 20,w was neglected.
The total emission anisotropy from all interacting chromophores was determined by solving the rate equations for energy transfer where  j (t) is the probability that the molecule j is excited at time t, F ij denote the Förster transfer rates which depend on the intermolecular distances between chromophore i and j Fig. 4b ). The differential equations were solved for the different fiber models applying a matrix approach as outlined in ref. 2,10. We tested two models for compaction, compatible with measured S 20,w values: 1)
A homogenous compaction model, where throughout the folding process internucleosomal distances are gradually reduced and 2) a local interaction or heterogenous model, where an increasing number of nucleosomes i and i+2 form an interaction resulting in nucleosome stacking, until the fully compacted fiber is formed (Supplementary Fig. 6c ).
For structures of the homogenous compaction model, linear combinations of angles of fully folded or unfolded chains were used. In contrast, for the local interaction model randomly picked nucleosomes were assigned fully folded angle values producing local clusters of stacked nucleosomes. These clusters were subsequently extended to form fully folded fibers. For each folding mechanism, 500 different oligo-nucleosome conformations were generated in different compaction states and their S 20,w and SSA were calculated. Using the measured dependence of S 20,w on [Mg 2+ ] (Fig. 1c) were generated (Fig. 3d) . Due to i) the increased number of fluorophores within 2*R 0 of each other, i.e. within range for RET (Supplementary Fig. 6d) , and ii) the R 6 dependence of RET efficiency these two folding pathways resulted in very different SSA values for conformations with similar S 20,w values. Based on the measured SSA values, the homogenous compaction model for chromatin folding can be readily excluded. The heterogenous model however reproduced the general shape of SSA loss upon compaction (Fig.   3d ).
General laboratory methods
Amino acid derivatives, coupling reagents and resins were purchased from Novabiochem Criterion 15% Tris-HCl and 5% TBE gels were purchased from BioRad (Hercules, CA).
Centrifugal filtration units were from Sartorius (Goettingen, Germany) and Slide-ALyzer dialysis cassettes and MINI dialysis units were from Pierce (Rockford, IL). Qiafilter Plasmid Giga, PCR purification and gel extraction kits were purchased from Qiagen (Valencia, CA). Antibodies for uH2B and H4 K16ac were purchased from Medimabs (Royalmount, Quebec, Canada) and Active Motif (Carlsbad, CA), respectively.
Micrococcal nuclease was purchased from Worthington (Lakewood, NJ). Size exclusion chromatography was performed on an AKTA FPLC system from GE Healthcare equipped with a P-920 pump and UPC-900 monitor. Analytical reversed-phase HPLC (RP-HPLC) was performed on a Hewlett-Packard 1100 series instrument with a Vydac added to a concentration of 1 mM and the suspension was pre-warmed to 37º C for in nucleo digestion with micrococcal nuclease. 60 U micrococcal nuclease (Worthington) were added per ml suspension, followed by incubation at 37º C for 10 min. The digestion was stopped by addition of 5 mM ethylene glycol tetraacetic acid (EGTA) and placing on ice (total nuclei, fraction 1). Centrifugation at 1300x g allowed to separate supernatant containing mainly mononucleosomes (fraction 2, 13% of total chromatin) from digested nuclei. Chromatin was extracted following ref. 13 with some changes. The nuclei were resuspended in extraction buffer (10mM HEPES pH 7.5, 2 mM MgCl2, 2 mM EGTA, 0.1% Triton X-100, 400 nM TSA, 20 mM NEM, Complete Protease Inhibitor Cocktail) containing 80 mM or 150 mM NaCl. The suspensions were agitated for 2 h at 4º C, followed by centrifugation at 1300x g for 10 min. The supernatants containing fragments of active chromatin (fractions 3 and 4, 10% and 21% of total chromatin) were saved and the pellets were further extracted with extraction buffer containing 600 mM NaCl. After agitation for 2 h at 4º C followed by centrifugation at 1300x g for 10 min, the supernatants containing the bulk of the chromatin (fraction 5, 60% of total chromatin) were separated from the pellets containing insoluble chromatin (fraction 6, 9% of total chromatin). DNA was extracted from all fractions using QIAQuick spin columns.
Histones were obtained by acid extraction for 16 h with 0.4 N H 2 SO 4 followed by ethanol precipitation. Precipitated proteins were resuspended in 5% acetic acid and lyophilized.
The lyophilized powder was dissolved in ddH2O and the protein concentration was determined by BCA assay (Pierce, Rockford, IL). Equal amounts of histones were separated by 15% SDS-PAGE and analyzed by western blotting using antibodies against uH2B (Medimabs, Royalmount, Quebec, Canada) and H4 K16ac (Active Motif, Carlsbad, CA). Western blots were imaged using the Odyssey Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE).
Mutagenesis of H2A(N110C)
Using the Xenopus H2A expression plasmid 14 as a template, the point mutation asparagine 110 to cysteine was generated by site-directed mutagenesis employing a QuikChange Site-Directed Mutagenesis kit, using the following primers: forward primer, 5'-CGGGGTCCTGCCCTGCATCCAGTCCGTG-3', reverse primer, 5'-CACGGACTG-GATGCAGGGCAGGACCCCG-3'. The correct sequence was confirmed by gene sequencing.
Expression of recombinant histones
Recombinant Xenopus histones H2A, H2A(N110C), H2B, H3(C110A) 15 and H4 were expressed as previously described 14, 16 . In short, E. coli BL21(DE3)pLysS cells were transfected with histone expression plasmids, grown in 6 L LB medium at 37°C until OD 600 0.6 and protein expression was induced by addition of 0.5 mM IPTG for 3 h. Cells were harvested by centrifugation at 7000 x g and lysed by 5 x passage through a French Fig. 1a, b) .
Synthesis of uH2B SS and hub1-H2B SS
uH2B SS hub1-H2B SS were produced according to the protocols in ref. 15. Fig. 2c, d ). 
Desulfurization of acH4(A38C) to acH4
We applied a free-radical based approach to desulfurize cysteine 38 to the native alanine residue 20, 21 . In a typical reaction 1 mg acH4(A38C) was dissolved in 100 L solubiliza- Fig. 1e, f) .
Octamer formation
Histone octamers were formed as previously described 14, 16 with minor modifications.
Briefly, recombinant histone proteins were dissolved in unfolding buffer (20 mM Tris, pH 7.5, 6 M guanidinium hydrochloride), combined in equimolar amounts and the total histone concentration was adjusted to 1 mg / mL. The mixture was dialyzed into refolding buffer (10 mM Tris, pH 7.5, 200 mM NaCl, 1 mM EDTA) for 2 x 4 h and a final dialysis step over 16 h. The refolded histone octamers were concentrated using Vivaspin 500 centrifugal filter units (5000 Da molecular weight cutoff) and purified from aggregates and free histone monomers or dimers by size-exclusion chromatography using a Superdex 200 10/300 column. Fractions containing pure octamers (i.e. equivalent amounts of all histones) were pooled and concentrated using Vivaspin 500 centrifugal filter units to an octamer concentration of approx. 50 M. After addition of 50% glycerol (v/v) the refolded octamers were quantified by UV spectroscopy and stored at -20°C.
DNA preparation
For array formation, a plasmid containing 12 copies of a 177 base pair repeat of the 601 nucleosome positioning sequence (12_177_601) 22, 23 was purified from a 6 L culture of DH5 cells using a QIAGEN Qiafilter Plasmid Giga kit. The 12_177_601 sequence was obtained by preparative digestion of the plasmid with EcoRV followed by selective precipitation of the fragment with 6% polyethylene glycol-6000 on ice followed by centrifugation at 26,000 g for 30 min. After phenol extraction and ethanol precipitation the DNA was redissolved in TE buffer (10 mM Tris pH 7.5, 1 mM EDTA), quantified by UV spectroscopy and stored in aliquots at -20°C.
For formation of mono-nucleosomes a 153 base pair segment of 601 DNA (153_601) was produced. A plasmid containing 8 copies of the 147 base pair of the 601 DNA flanked by EcoRV sites was assembled following the general protocol in ref. 24 .
The plasmid was purified using a QIAGEN Qiafilter Plasmid Giga kit and digested with EcoRV releasing the 153_601 sequence. After precipitation of the vector with 9% polyethylene glycol-6000, the 153_601 fragment was ethanol precipitated, redissolved in TE buffer, quantified by UV spectroscopy and stored at -20°C.
Mono-nucleosome / nucleosome array reconstitution
Mono-nucleosomes were formed as previously described 14 with some modifications. In a typical reconstitution, appropriate histone octamers and DNA (153_601) were combined at a concentration of 2 M in 75 L reconstitution buffer (2 M KCl, 10 mM Tris pH 7.8, 0.1 mM EDTA). The mixture was transferred into a Slide-A-Lyzer MINI dialysis unit and dialyzed at 4°C against reconstitution buffer containing 1.4 M KCl, 1.2 M KCl, 1 M KCl, 0.8 M KCl, 0.5 M KCl and 10 mM KCl for 90 min each, followed by a final dialysis step against reconstitution buffer containing 10 mM KCl. The nucleosomes were concentrated using Vivaspin 500 centrifugal filter units (5000 Da molecular weight cutoff) and the quality of the assembly was assessed by separation on a Criterion 5% TBE gel run in 0.5x TBE buffer, followed by staining with ethidium bromide.
Nucleosome arrays were formed as described in ref. 23 with slight changes. In a typical reconstitution, appropriate histone octamers and DNA (12_177_601) were com-bined at concentrations of 2 M for the octamers and 2 M of 601 sites for the DNA in 75 L reconstitution buffer (2 M KCl, 10 mM Tris pH 7.8, 0.1 mM EDTA). In addition, 1 mM of 147 bp fragments of the weaker binding MMTV A DNA 25 were added to prevent overloading of the array with octamers. The mixture was transferred into a Slide-ALyzer MINI dialysis unit and stepwise dialysis was performed as described above. After assembly, free mono-nucleosomes and DNA fragments were removed by selective precipitation of the arrays with MgCl 2 (the concentration depended on the octamer type). In detail, arrays were incubated in the presence of 2.5 -7 mM MgCl 2 on ice for 10 min followed by centrifugation at 16,000 g for 10 min. After removal of the supernatant, the arrays were resuspended in TEK buffer, dialyzed against fresh TEK buffer followed by concentration determination by UV spectroscopy. The quality of the assembly was determined by native 1% agarose, 1% polyacrylamide gel electrophoresis (APAGE) separation followed by staining with ethidium bromide (Supplementary Figs. 2a, 8a and 9a) .
Mono-nucleosomes and nucleosomal arrays were stored on ice for no longer than 4 days.
Full array saturation was confirmed by digestion of 2 pmol of nucleosomes in arrays with 10 U of ScaI restriction enzyme in NEB buffer 3 at room temperature for 12 h, followed by separation on a Criterion 5% TBE gel run in 0.5x TBE buffer and staining with ethidium bromide. The presence of a nucleosome band as well as the absence of free DNA and higher running species indicated full array occupancy. DTT in the digestion and restriction enzyme buffer can lead to partial loss of the ubiquitin moiety in uH2B SS containing arrays (Supplementary Figs. 2b, 8b and 9b) . Note that small differences in array occupancy may lead to changes in the observed anisotropy values.
Presence of 12 nucleosomes per array was further confirmed by partial digestion with micrococcal nuclease. 2 pmol of nucleosomes in arrays were digested with 0.2 U of micrococcal nuclease for 60 s on ice. The reaction was stopped by addition of 0.2% (w/v) SDS, 20 mM EDTA followed by DNA purification using a Qiagen PCR purification kit.
The DNA fragments were separated on a Criterion 5% TBE gel run in 0.5x TBE buffer and visualized with ethidium bromide (Supplementary Fig. 2c ).
Determination of R 0 of fH2A
The R 0 of fluorescein-5-maleimide coupled to H2A (in histone octamers) of 47.3 Å was determined using the formula
, where the overlap integral J() was calculated from UV and fluorescence emission spectra (Supplementary Fig.   5e ) with an extinction coefficient for fluorescein-5-maleimide of 83000 cm 
Mass spectrometric analysis of H3 K79 methylation
For mass spectrometric analysis, hDot1L assays were performed using non-radioactive S-adenosyl methionine. The reactions were separated by SDS-PAGE on a Criterion 15% Tris-glycine gel followed by visualization by Coomassie G-250 staining. The H3 containing band was excised and analyzed on a ThermoFisher LTQ-Orbitrap mass spectrometer after in-gel trypsin digestion (Supplementary Fig. 3c, d ). The excitation laser pulse is shown in grey. Spectra and kinetic traces were recorded in 10 mM Tris buffer, pH 7.8 and 10 mM KCl at 22.5°C. Figure S8. | uH2B decompacts chromatin structure in a dosage dependent manner. a, Native APAGE of reconstituted arrays containing 100%, 65% or 40% uH2B SS . b, Ethidium bromide stained 5% TBE gels of ScaI restriction enzyme digests of reconstituted arrays containing 100%, 65% or 40% uH2B SS . The double band in the 100% uH2B SS containing preparation arises from partial reduction of the ubiquitin-H2B disulfide bond due to DTT in the restriction enzyme buffer. c, Ubiquitylated H2B gradually opens up chromatin structure. Chromatin folding upon Mg 
